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Quantitative Trait Loci Conferring Resistance to Fall Armyworm
and Southwestern Corn Borer Leaf Feeding Damage

Thomas D. Brooks,* Martha C. Willcox, W. Paul Williams, and Paul M. Buckley

ABSTRACT ern corn borer resistance. Few plant breeders have ac-
cess to insect rearing facilities, which are necessary toSouthwestern corn borer (Diatraea grandiosella Dyar) and fall
maximize selection efficiency. Negative traits tend toarmyworm [Spodoptera frugiperda (J.E. Smith)] damage ratings were

measured on an F2-derived maize (Zea mays L.) population segregat- mask genetic gains in resistance at early generations of
ing for leaf feeding resistance following artificial infestation with neo- backcrossing, and levels of resistance tend to be moder-
nates. Damage ratings for each insect were recorded in replicated ate. Quantitative trait mapping can be used to overcome
trials at three locations and used in conjunction with a genetic linkage some of these problems and facilitate manipulation of
map to identify quantitative trait loci (QTL) associated with resistance. genetic resistance.
Significant QTL and their interactions were estimated by multiple Through a series of separate studies, researchers have
interval mapping analysis. Resistance to southwestern corn borer leaf

identified QTL associated with southwestern corn borerfeeding was fit to a model containing eight QTL and two interactions
resistance in inbreds developed from Antigua Group 2explaining 20% of the phenotypic variation. A model containing seven
and Dominican Republic Group 1 germplasm. ResistanceQTL and one interaction best fit resistance to fall armyworm leaf feed-
QTL ranging in number from five to nine were identifieding damage, and it explained approximately 14% of the phenotypic

variation. Three QTL located on chromosomes 6, 9, and 10 affect in tropical growing conditions accounting for between
leaf feeding damage ratings of both insects with similar effects and 32 and 52% of phenotypic variation in three mapping
gene action. Minor interaction effects were observed. The QTL on studies (Bohn et al., 1997; Groh et al., 1998; Khairallah
chromosomes 1, 5, and 9 correspond to previously identified regions et al., 1998). A majority of the QTL identified by Bohn
affecting resistance to southwestern corn borer. Insect resistance genes et al. (1997) also conferred resistance to sugarcane borer
including the mir family of genes located on chromosome 6 and the (Diatraea saccharalis Fabricius). A comparison of these
glossy15 locus on chromosome 9 fall within chromosomal regions of

separate studies by Bohn et al. (2001) further noted theQTL predicted in this study. This study confirms that resistance to
consistent identification of genetic regions on chromo-fall armyworm and southwestern corn borer involves many of the same
somes 5 and 9, and that these regions tended to confer re-QTL and candidate genes for insect resistance include the glossy15
sistance to sugarcane borer as well. Willcox et al. (2002)candidate locus on chromosome 9.
later identified three QTL regions using the same resis-
tant parent (CML67) and a different susceptible parent.
Two of the three QTL coincided with earlier studies.F oliar damage to whorl stage maize plants by fall
In all studies, a QTL on chromosome 9 in or near bin 3armyworm and southwestern corn borer can signifi-
has been identified. The glossy15 gene is located in thiscantly reduce grain yield (Williams and Davis, 1984a).
region and is a potential resistance gene for fall army-First generation larvae infest plants, causing vascular
worm resistance.and leaf tissue damage leading to reduced yield poten-

In a study estimating combining ability for fall army-tial. Literature documents a significant amount of re-
worm and southwestern corn borer resistance, Williamssearch devoted to identifying resistant germplasm and
et al. (1989) observed a strong correlation of GCA foridentifying mechanisms of resistance to southwestern
leaf feeding, larvae weights, and larvae number betweencorn borer. Insect rearing and artificial infestation tech-
the two pests. The authors suggested that selection for re-niques have also been developed so that uniform selec-
sistance to one insect pest could improve resistance totion pressure can be applied (Davis, 1997; Wiseman et al.,
the other. This study was performed in two locations in1980). In an attempt to address leaf damage by south-
Mississippi and included Mp704 as an inbred resistantwestern corn borer, genetic resistance has been identi-
to leaf feeding by southwestern corn borer and fall army-fied, and germplasm lines have been developed (Williams
worm (Williams and Davis, 1982). Further studies sug-and Davis, 1982, 1984b; Williams et al., 1990; CIMMYT,
gested that vegetative phase change, which is controlled1991).
by the glossy15 gene, is a primary mechanism affectingThere are several problems, however, with using germ-
resistance to first generation fall armyworm and south-plasm lines in a breeding program to enhance southwest-
western corn borer (Williams et al., 1998, 2000). Resistant
maize lines completed the transition from the juvenile toUSDA-ARS Corn Host Plant Resistance Research Unit, Mississippi
adult vegetative stage earlier than susceptible lines. Lar-State, MS 39762. This paper is a joint contribution of USDA-ARS

and the Mississippi Agricultural and Forestry Experiment Station and vae of both southwestern corn borer and fall armyworm
is published as journal no. J10582 of the Miss. Agric. and Forestry exhibited reduced weight gain and produced less leaf
Exp. Stn. Received 10 Nov. 2004. *Corresponding author (tbrooks@ damage on genotypes that moved from the juvenile tomsa-msstate.ars.usda.gov).

adult phase earlier. In addition, larvae fed lyophylized
Published in Crop Sci. 45:2430–2434 (2005).
Crop Breeding, Genetics & Cytology
doi:10.2135/cropsci2004.0656 Abbreviations: CIM, composite interval mapping; LOD, log10-likeli-

hood ratio; QTL, quantitative trait locus or loci; SSR, simple sequence© Crop Science Society of America
677 S. Segoe Rd., Madison, WI 53711 USA repeat.
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and southwestern corn borer damage ratings were computedleaf tissue in artificial diet bioassays exhibited a strong
for each family across all environments.correlation between larval weights and vegetative phase

The DNA was extracted from bulk tissue samples collectedof leaves used in the diets (Williams et al., 2000). The
from approximately 20 plants of each F2:3 family as well as theglossy15 locus has been demonstrated to control the
parents and F1 . Bulk tissue samples were frozen in liquidonset of adult phase epidermal traits, specifically epi-
nitrogen and freeze dried before being ground. The DNA wascuticular waxes, leaf hairs, and cell wall composition extracted by the CTAB method (Saghai Maroof et al., 1984).

(Moose and Sisco, 1994; Bergvinson et al., 1997). Plants Simple sequence repeat (SSR) markers obtained from the Maize
containing the mutant glossy15 gene exhibited earlier Genetic and Genomics Database (http://www.maizegdb.org/;
phase change to the adult vegetative state and increased verified 19 July 2005) were used to genotype families. The SSR
resistance to European corn borer (Ostrinia nubilalis products were visualized on 4% (w/v) agarose gels. Markers
Hubn.) (Abedon et al., 1996). that could not be resolved were viewed on high resolution,

nondenaturing acrylamide gels (7%).Jiang et al. (1995) identified several cysteine protein-
Linkage maps were determined by Carthagene mapping soft-ases expressed by genes designated mir1 to mir4 that ac-

ware with a minimum LOD score of 3.0 and a maximum re-cumulate in the whorl immediately following insect leaf
combination fraction of 0.5 (Schiex and Gaspin, 1997). Compos-feeding. Concentration of these proteinases was highly
ite interval mapping was performed to give an initial estimatecorrelated with reduced larvae weight. Four of these
of QTL for each insect damage rating by QTLCartographergenes are clustered on chromosome 6 bin 2 with single version 2.0 (Zeng, 1993, 1994; Basten et al., 1999). To estimate

genes found on chromosomes 2, 9, and 10 (Pechen et al., the genome-wide 0.05 significance threshold for QTL, 1000 per-
1999, 2000). mutations were performed within each trait data set (Doerge

This study was conducted to map QTL conferring and Churchill, 1996; Doerge and Rebai, 1996). Five markers
resistance to first generation fall armyworm and south- were used as cofactors and the forward regression method
western corn borer leaf feeding damage in the maize was selected to perform the analysis. Estimated QTL were

used in a model to begin multiple interval mapping (Kao andinbred Mp704 when expressed in a non-stiff stalk (Mo17)
Zeng, 1997; Kao et al., 1999). QTL search procedures weregenetic background and grown in a semitropical envi-
as follows: (i) search for significant QTL to add to model, (ii)ronment. The QTL are compared with previously pub-
re-estimate QTL positions, (iii) search for significant interac-lished loci for leaf feeding resistance to southwestern
tions, (iv) test significance of QTL/interactions in model andcorn borer and QTL for resistance to fall armyworm
drop nonsignificant ones, (v) return to step one and repeatare presented. In addition, interactions associated with steps 1 to 5 until no additional QTL–interactions can be added

QTL are measured and discussed and likely genetic to model, and (vi) optimize QTL positions and re-estimate
models are proposed to account for genotypic variation model. Final models were selected on the basis of minimizing
of each trait. Bayesian information content criteria.

MATERIALS AND METHODS RESULTS AND DISCUSSION
A genetic mapping population consisting of 230 F2:3 fami-

Phenotypic Evaluationlies was created with maize inbreds Mp704 and Mo17 as the
resistant and susceptible parents, respectively. Two experi- Tests in Environment 1 were observed to have much
ments consisting of four replications each were conducted at higher leaf damage ratings than normal, possibly because
Mississippi State, MS, in 2000, 2001, and 2002. Experiment 1 of better larval survival, growth, and development afterwas infested with fall armyworm larvae and Exp. 2 with south-

infestation. Mean leaf feeding ratings of parents werewestern corn borer. Plots within replications were 5.1 m in
significantly different for both southwestern corn borerlength, thinned to 20 plants per plot and arranged in a random-
and fall armyworm, while the F1 hybrid was not signifi-ized complete block design. Standard cultural practices were

applied to experimental plots during each year. cantly different from Mp704 (P � 0.05). Mean ratings
Upon reaching the V7 stage of growth (Ritchie et al., 1986), for southwestern corn borer damage were Mp704 �

Exp. 1 was infested with 30 fall armyworm larvae per plant 6.88, Mo17 � 7.98, and F1 � 6.43. Mean ratings for fall
and Exp. 2 was infested with 30 southwestern corn borer larvae armyworm damage were Mp704 � 6.95, Mo17 � 8.66,
per plant. In each experiment, neonate larvae were mixed with and F1 � 7.14. The reduced level of differentiation be-
corn cob grits and placed in the plant whorl with a mechanical tween the two parents because of higher than normaldispenser (Wiseman et al., 1980). Individual plants were rated

damage ratings is not conducive to maximizing QTLfor leaf feeding damage 14 d following infestation as described
identification and can mask loci with small effects. Theby Williams et al. (1989). Fall armyworm leaf feeding damage
F1 hybrid also displayed resistance similar to Mp704,was visually rated using a scale of 0, no damage, to 9, many

leaves destroyed. Southwestern corn borer leaf feeding damage suggesting a dominant form of inheritance. However
was rated on a scale of 0, no visible leaf damage, to 9, long the increased plant vigor associated with the “hybrid
lesions on most leaves. Rating scales differ somewhat to accom- effect” of the F1 may account for this, especially in light
modate the pattern of damage produced by each insect pest. of the predominantly additive QTL identified. Analysis

Individual plant ratings were used to calculate plot means of variance indicated a significant genotype � environ-
for fall armyworm and southwestern corn borer damage. Data ment interaction for southwestern corn borer resistancewere combined from the three environments for each insect.

but not for fall armyworm resistance (P � 0.04 andAn analysis of variance was performed using the general linear
0.99, respectively). To simplify analysis between the twomodel procedure in SAS (SAS Institute, Cary, NC). Families
traits, genotypic means were estimated across all envi-were considered fixed effects and environments were con-

sidered random effects. Least-squares means of fall armyworm ronments for both damage ratings. Least squares means
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Table 1. Quantitative trait loci contributing resistance to leaf dam- repulsion and are closely linked. Epistatic interactions
age ratings by southwestern corn borer (SWCB) and fall army- were minor, accounting for approximately 5% of theworm (FAW).

genotypic variation explained by the model.
QTL Trait Location† Effect(a) Effect(d ) %Var‡ Fall armyworm resistance was fit to a model con-
LDR1 SWCB 1.04 �0.1 �0.1 6 taining seven QTL and one interaction that explained
LDR2 FAW 1.09 �0.1 �0.2 13 approximately 15% of phenotypic variation. Primary
LDR3 SWCB 1.11 �0.1 – 4.5

QTL were located on chromosomes 1, 7, 9, and 10.LDR4 FAW 2.08 0.1 0.25 9
LDR5 SWCB 5.02 �0.2 – 14 Mp704 was again responsible for contributing the resis-
LDR6 SWCB/FAW 6.02 – �0.2/�0.13 3/6 tance at five of the eight loci. Mo17 contributed to resis-LDR7 SWCB 7.02 �0.1 0.5 23

tance at two minor QTLs on chromosomes 2 and 8LDR8 SWCB 7.03 – �0.4 13
LDR9 FAW 7.04 �0.1 �0.3 12 contributing 9 and 5%, respectively, to explained geno-
LDR10 FAW 8.03 – 0.1 5 typic variation. Interactions between a QTL on chromo-LDR11 SWCB/FAW 9.03 �0.3/�0.4 �/�0.1 15/36
LDR12 SWCB/FAW 10.04 �0.2/�0.1 �/�0.2 9/10 somes 2 (LDR4) and 10 (LDR12) exerted a significant
LDR4 � LDR12 FAW 0.5 6 negative effect on resistance (Fig. 1). The presence of
LDR5 � LDR8 SWCB 0.2 3

Mo17 alleles at LDR4 reduced damage when LDR12LDR5 � LDR12 SWCB �0.2 2
is homozygous for Mp704 while increasing damage in

† Chromosome number and bin location.
the presence of all other genotypes.‡ Percentage of genotypic variance explained by the QTL.

The QTL exhibiting pleiotrophic effects on leaf dam-
age ratings of both insect pest were also observed. Loci

were calculated and used to represent phenotypes of on chromosomes 6, 9, and 10 appeared to affect leaf
mapping families. feeding damage ratings of both southwestern corn borer

and fall armyworm, exhibit similar effects, and have
QTL Analysis similar gene action on both traits. The QTL for resis-

tance to southwestern corn borer on chromosomes 1, 5,Initial composite interval analysis identified 10 and 5
and 9 correspond to previously identified loci in relatedQTL for southwestern corn borer and fall armyworm
resistant germplasm (Bohn et al., 1997). Several of theseresistance, respectively. Estimated phenotypic variance
QTL are located in genomic regions containing putativeexplained by QTL ranged from less than 0.1 to 18% for
resistance genes. LDR6 located on chromosome 6 bin 2resistance to southwestern corn borer and from less than
corresponds to the location of the mir genes (mir1, mir2,1 to 27% for resistance to fall armyworm. Primary QTL
mir3c, and mir4). This QTL from Mp704 reduced leaffor resistance to southwestern corn borer were located on
feeding damage ratings from 0.13 to 0.15 points for bothchromosomes 5 and 9 and for fall armyworm on chro-
insects and displayed dominant gene action, similar tomosome 9. Initial models based on these results were
observed effects of mir1 (Pechen et al., 1999). LDR11input into multiple interval mapping analysis (MIM).
located on chromosome 9 bin 3 has been consistentlyThe final selected model for resistance to southwest-
observed to contribute resistance to leaf feeding dam-ern corn borer incorporated eight QTL and two inter-
age. This QTL reduced damage ratings by 0.25 to 0.3actions explaining approximately 20% of phenotypic vari-
points for both insects and expressed additive gene ac-ation (Table 1). QTL with greatest effect were located
tion. Fifteen percent of the genetic variation in theon chromosomes 5, 7, 9, and 10. Mp704 contributed the
model was explained by LDR11 for southwestern cornresistant allele in each case. Loci on chromosomes 6 and
borer resistance and 36% for fall armyworm resistance.7 displayed dominant gene action, while the rest were
The glossy15(gl15) locus, demonstrated to play a roleadditive or intermediate. QTL closely linked on chro-

mosome 7, designated LDR7 and LDR8, were acting in in vegetative phase change from juvenile to adult phase

Fig. 1. Interaction of two QTL (LDR4 and LDR12) affecting resistance to fall armyworm. Y-axis represents mean leaf damage rating. X-axis
represents genotype at LDR4 where A � allele from Mp704 and B � allele from Mo17. Lines represent genotypic classes of LDR12.
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Hoisington, H.F. Utz, J.A. Deutsch, D.C. Jewell, J.A. Mihm, andin maize leaves, is located in this region (Moose and
A.E. Melchinger. 1997. QTL mapping in tropical maize: II. Com-Sisco, 1994). Williams et al. (1998) demonstrated that
parison of genomic regions for resistance to Diatraea spp.southwestern corn borer and fall armyworm resistant Bohn, M., S. Groh, M.M. Khairallah, D.A. Hoisington, H.F. Utz, and

maize lines transitioned from juvenile to adult phase A.E. Melchinger. 2001. Re-evaluation of the prospects of marker-
earlier than susceptible lines. The QTL including gl15 assisted selection for improving insect resistance against Diatraea

spp. in tropical maize by cross validation and independent valida-has a similar effect on feeding damage suggesting that
tion. Theor. Appl. Genet. 103:1059–1067.this gene plays a key role in conferring reduced feeding

CIMMYT Maize Program. 1991. Announcement of CIMMYT inbreddamage in a pleiotrophic manner to southwestern corn
lines CML1 to CML139. Mexico City.

borer and fall armyworm. Other genes located within Davis, F.M. 1997. Improved technologies for rearing lepidopterous
this large QTL interval may, however, be the true con- pests for plant resistance research. In J.A. Mihn (ed.) Insect resis-

tant maize: Recent advances and utilization, proceedings of antributors to resistance. Further experiments comparing
international symposium. p. 184–188.near-isogenic lines selected by markers from this popu-

Doerge, R.W., and G.A. Churchill. 1996. Permutation tests for multi-lation with and without the resistant allele and introgres-
ple loci affecting a quantitative character. Genetics 142:285–294.sion of the null allele into the resistant parent are under- Doerge, R.W., and A. Rebai. 1996. Significance thresholds for QTL

way to further study the role gl15 plays. interval mapping tests. Heredity 76:459–464.
Multiple interval mapping greatly reduced the esti- Groh, S., D. Gonzalez-de-Leon, M.M. Khairallah, C. Jiang, D. Berg-

vinson, M. Bohn, D.A. Hoisington, and A.E. Melchinger. 1998.mated amount of phenotypic variation explained by in-
QTL mapping in tropical maize: III. Genomic regions for resistancedividual QTL when compared with CIM. This can be
to Diatraea spp. and associated traits in two RIL populations. Cropattributed to the increased precision of predicted QTL
Sci. 38:1062–1072.

locations suggesting estimates from CIM are inflated. Jiang, B., U. Siregar, K.O. Willeford, D.S. Luthe, and W.P. Williams.
The MIM identified two closely linked QTL acting in 1995. Association of a 33-Kilodalton cysteine proteinase found in

corn callus with the inhibition of fall armyworm larvae growth.repulsion that were missed on the basis of CIM. These
Plant Phsiol. 108:1631–1640.loci as well as the interaction in Fig. 1 can realistically

Kao, C.-H., and Z.-B. Zeng. 1997. General formulas for obtaining thebe managed by marker-assisted techniques, a task much
MLEs and the asymptotic variance-covariance matrix in mappingmore difficult to do by traditional means. Results also quantitative trait loci when using the EM algorithm. Biometrics 53:

suggest that selection for resistance to both insect pests 653–665.
would be effective provided proper QTL are incorporated. Kao, C.-H., Z.-B. Zeng, and R.D. Teasdale. 1999. Multiple interval

mapping for quantitative trait loci. Genetics 152:1203–1216.Epistatic interactions are present, but most do not inter-
Khairallah, M.M., M. Bohn, C. Jiang, J.A. Deutsch, D.C. Jewell, J.A.fere significantly with primary QTL effects. The rela-

Mihm, A.E. Melchinger, D. Gonzalex-de-Leon, and D.A. Hoising-tively small effect of genotypic � environment interac-
ton. 1998. Molecular mapping of QTL for southwestern corn borer

tion and repeated identification of QTL on chromosomes resistance, plant height and flowering in tropical maize. Plant Breed.
6, 7, and 9 suggests that marker-assisted selection can 117:309–319.

Moose, S.P., and P.H. Sisco. 1994. Glossy15 controls the epidermalbe effectively performed at other locations without the
juvenile-to-adult phase transition in maize. Plant Cell 6:1343–1355.need of insect rearing facilities. While further sources

Pechan, T., B. Jiang, D. Steckler, L. Ye, L. Lin, D.S. Luthe, and W.P.of resistance are needed to strengthen the program, this
Williams. 1999. Characterization of three distinct cDNA clonesstudy provides a straightforward set of resistance genes encoding cysteine proteinases from maize (Zea mays L.) callus. Plant

to work with that are amenable to marker-assisted selec- Mol. Biol. 40:111–119.
tion without additional equipment investment. Pechan, T., L. Ye, Y.-M. Chang, A. Mitra, L. Lin, F.M. Davis, W.P.

Williams, and D.S. Luthe. 2000. A unique 33-kD cysteine protein-Further information related to this study including the
ase accumulates in response to larval feeding in maize genotypesdetailed marker set, genetic map, and QTL mapping co-
resistant to fall armyworm and other Lepidoptera. Plant Cell 12:ordinates can be found at the Maize Genetic and Geno-
1031–1040.

mics Database (http://www.maizegdb.org/). Ritchie, S.W., J.J. Hanway, and G.O. Benson. 1986. How a corn plant
develops. Special report No. 48, Iowa State Univ. of Sci. and Tech.
Coop. Ext. Serv., Ames, IA.ACKNOWLEDGMENTS
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